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Cellular mechanical properties play an important role in disease diagnosis. Distinguishing cells based on
their mechanical properties provides a potential method for label-free diagnosis. In this work,
a convenient and low-cost microfluidic cytometer was developed to study cell mechanical properties
and cell size based on the change of transmission intensity, using a low-cost commercial laser as a light
source and two photodiodes as detectors. The cells pass through a narrow microchannel with a width
smaller than the cell dimension, integrated in a polydimethylsiloxane chip, below which the laser is
focused. The transit time of individual cells is measured by the time difference detected by two
photodiodes. This device was used to study the difference in cell mechanical properties between HL60
cells treated with and without Cytochalasin D. Furthermore, it was also applied to distinguish cells with
different diameters, HL60 cells and red blood cells, by measuring the transmission intensity.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cell mechanical properties play an important role in a number
of processes, such as cell migration, invasion, division, and signaling.
These mechanical properties are dynamically governed by the
cytoskeleton, whose structure can be changed by the development
of several diseases, such as malaria [1,2], cancer [2–4], and
glaucoma [5]. A variety of techniques have been developed to
measure cell mechanical properties, including micropipette aspira-
tion [6,7], filtration [8], atomic force microscopy (AFM) [9–11],
microplate stretching [12] and magnetic tweezers [13]. Although
these methods can be used to assess cell mechanical properties,
further application is limited due to their complex structure, low-
throughput analysis and labor intensity.

Some microfluidic devices provide a possible approach to
detect cell mechanical properties by using low quantities of
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samples and reagents in a controlled microenvironment on
a simplified platform [14–20]. These devices usually require optical
imaging of the cells to detect the cell mechanical properties,
e.g. using a charge-couple device (CCD) camera. An array of
elastomeric microposts was fabricated to characterize the subcel-
lular distribution of mechanical properties by studying deflection
images of multiple posts which were attached by a single cell [15–
17]. Multilayer devices were also used to study cell viscoelastic
properties by measuring area of recovery snapshots of cells after
their deformation [19]. However, the throughputs of these
approaches for cell analysis are usually quite low (<1 cell min−1).

Several other microfluidic cytometer systems were developed
to achieve high-throughput analysis of biomechanical properties
of cells, such as deformability [21–32]. In these systems, a high-
speed camera is usually utilized to capture the images of cells that
are forced to deform inside the devices. These images are further
analyzed to extract cell shape information and correlate it with cell
mechanical properties. Bao et al. reported electroporation-induced
cell deformation in a microfluidic device as a biomarker to
differentiate cancer cells from normal ones for their higher degree
of swelling [22]. Guck et al. distinguished human erythrocytes
from mouse fibroblasts by comparing their difference in viscoe-
lastic properties when micromanipulated by optical stretchers.
Different indexes were developed to evaluate the viscoelatic
properties of cells, for example, the ratio of the major to minor
axes of the deforming cells [23,24]. Shelby et al. used a narrow
channel to deform plasmodium falciparum-infected erythrocytes
and normal erythrocytes by videos recording cell recovery and
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rupture when squeezed by the narrow channel [25]. Rosenbluth
et al. used a bifurcating microchannel network to investigate
transit time of red blood cells and neutrophils passing through.
The transit time could be quantified automatically from images reco-
rded by a CCD camera and analyzed by home-made software [26].
Chen et al. coupled a high-speed camera with electric field generated
by electrodes integrated in a microfluidic channel to obtain both
elongational properties and impedance profiles of cells [27].
Abkarian et al. studied dynamics and hemorheology of single
and multiple red blood cells and white blood cells by a similar
design of microchannel [28]. However, the applications of these
methods are limited by their relatively high cost of implementa-
tion and complex design. In addition, the post-image-analysis
process makes it difficult to provide a real-time result.

In this article, an integrated and low-cost microfluidic cyto-
meter was developed to probe cell mechanical properties and cell
size based on simple dual photodiode detection. The transit times
and transmission light intensities of cells when they pass through
a narrow microchannel on a microchip were measured by using
two photodiodes to capture the variation of the transmission
intensity of a laser beam focused within the channel detection
region. The present system was applied in the study of the
difference in cell mechanical properties between HL60 cells and
HL60 cells treated by Cytochalasin D (CytoD). Furthermore, cells
with different diameters (HL60 cells and red blood cells) were also
studied using this approach.
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Fig. 1. Schematic diagrams of the setup (a) and the optical detection module (b)
of the microfluidic cytometer (not to scale), and (c) the photograph of the
PDMS chip.
2. Experimental section

2.1. Chemicals and materials

All solvents and chemicals used were of reagent grade unless
otherwise stated. Deionized water was used throughout. A silicon
mold was provided by Philips Research (Eindhoven, the Netherlands).
Phosphate buffered saline (PBS), fetal bovine serum (FBS), and
Roswell Park Memorial Institute (RPMI) 1640 medium with 1%
l-glutamine, 5% penicillin/streptomycin were obtained from Genom
Biological Medicine Co. (Hangzhou, China). Complete culture med-
ium was RPMI 1640 medium supplemented with 10% FBS. Bovine
serum albumin (BSA) was obtained from Shenggong Bioengineering
Co. (Shanghai, China). Polydimethylsiloxane (PDMS) prepolymer and
cross-linker were obtained from Dow Corning (Sylgard 184, Midland,
USA). CytoD was obtained from Sigma-Aldrich (St. Louis, USA).

2.2. System setup

A PDMS chip with microchannel configuration (as shown in
Fig. 1) was fabricated using a soft lithography approach [33].
A PDMS substrate was cast at 80 °C for 1 h with a mixing ratio of
10:1 for PDMS prepolymer and cross-linker on the silicon mold
structured by photolithography and deep reactive ion etching
(DRIE) techniques. The solidified PDMS substrate was peeled off
from the silicon mold, and bonded with another PDMS substrate
after exposure to oxygen plasma for about 50 s. Two types of chip
were fabricated. One chip had a 6-μm-wide, 200-μm-long, and
9.6-μm-high narrow channel for cell deformability analysis, and
another chip had a narrow channel with a width of 12 μm, a height
of 9.6 μm and a length of 250 μm for cell size analysis. The channel
inlet end was cut into a cone shape to serve as a sampling probe.
Then the PDMS chip was placed on a microscope slide with its
sampling probe extending out. The outlet of the channel was
connected with a waste reservoir via a Tygon tubing to provide the
driving force for cells. A slotted-vial array (SVA) system was used
to sequentially introduce buffer solution and different cell suspen-
sions into the chip channel. The SVA systemwas made as previously
described elsewhere [34,35]. The system setup is shown in Fig. 1.
For cell detection, a red beam from a laser diode (AD6320 PFG,
10 mW, A-Laser Technology Co., Guangzhou, China) was focused
below the center of the channel through an objective lens (×25, Mic
Opto-electronics Technology Co., Shenzhen, China). Two photo-
diodes (OPT301, Texas Instrument Co., Texas, USA) were fixed
28 cm above the chip with a mutual distance of 5 cm to detect
the transmission intensity variations when the cells pass through
the narrow channel. An inverted microscope coupled with a CCD
camera (UMD200, Superimage Digital Technology Exploitation Co.,
Hangzhou, China) was used to observe cells in the channel, as well
as the laser’s focal point before experiments.



Fig. 2. Typical recordings of transmission intensity in a cell experiment. (a) Signals
generated by a number of HL60 cells passing through the narrow channel.
(b) Typical signals detected by two photodiodes of one HL60 cell in (a).
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2.3. Cell culture

Human promyelocytic leukemia cells (HL60 cells) were obtai-
ned from the Cell Bank of the Chinese Academy of Science
(Shanghai, China). The cells were grown in complete RPMI culture
medium, maintained in a 5% CO2, 95% humidified atmosphere at
37 °C with cell density kept from 105 to 106 cells/mL. The RPMI
culture medium was refreshed every 2–3 days. Before use, red
blood cells (RBC) were collected from a healthy adult female
volunteer aged 24 after obtaining her permission. Both of the cells
were diluted to an optimized, relatively low concentration around
1×105 cell/mL with complete culture medium before experiments
—at this concentration, clogging of the device by the cells or the
possibility of two or more cells entering the narrow channel at the
same time could be mostly avoided.

In the experiments of Section 3.3, the HL60 cells were pre-
treated by adding 2 µM CytoD in the complete culture medium for
1 h to disrupt actin structures in the cells. After that, the cells were
centrifuged and re-suspended by PBS.

2.4. Procedures

Before the actual experiment, the chip channel was flushed
with 20 mg/mL BSA solution for 20 min to eliminate non-specific
cell adhesion to the surface of channel. The slotted vials were filled
with cell suspensions and PBS. The driving force for fluids in the
channel was provided by the pressure from an adjustable differ-
ence in liquid levels between the PDMS chip and the waste
reservoir. Hence the cell suspension was introduced into and
flown through the chip channel by a constant pressure produced
by the liquid level difference between the PDMS chip and the
waste reservoir. Transmission intensity was measured by the two
photodiodes via a data acquisition card with 5000 Hz (USB-6008,
National Instruments, Austin, USA). Between two cell samples, the
chip channel was flushed with PBS to wash away any remaining
cells from the previous measurement.

2.5. Data analysis

A typical transmission intensity recording in an HL60 cell
experiment is shown in Fig. 2. Two negative peaks were recorded
for each individual cell by the prior and posterior photodiodes.
The negative peak corresponding to a decrease of transmission
intensity was caused by the reflection and scattering of the
detection light beam by the cell. A home-made MATLAB program
(http://www.billauer.co.il/peakdet.html) was used to detect the nega-
tive peaks. The transit time of cell passing through the detection
region in the channel, which is related to cell deformability, was
measured by calculating the time difference between the negative
peak pair (N2–N1). The data was smoothed by averaging using
a window of 50 points.
3. Results and discussion

3.1. System design

In many of the previously reported microfluidic cytometer
systems, cells are detected using highly sensitive photomultiplier
tubes or high-speed CCD imaging chips [36–38]. In this work, to
simplify the system and reduce system expense, one laser light
source and two low-cost photodiodes were used instead.
The transmission intensity was measured by locating the laser
focal point below the narrow channel as illustrated in Fig. 1. A
narrow channel design was used to induce cell deformation when
cells pass through the channel and achieve distinguishing of cell
deformability [25–27,30–32]. We investigated the effect of the
position of laser focal point from 500 μm below to 300 μm above
the narrow channel on the cytometer performance using a PDMS
chip with 6-μm-wide and 200-μm-long narrow channel. Typical
recordings for HL60 cells with an average diameter of about 10 μm
are as shown in Fig. 3. The transit time obtained from the negative
peak pair was mainly determined by two obvious parameters,
namely the speed of the cell passing through the detection region
and the length of detection region. On one hand, the cell deform-
ability and the driving force affected the speed of the cell passing
through the detection region. Larger driving force increases the
passing speed of cells. The cell deformability was changed when
treating the cells by drugs (i.e. CytoD). On the other hand, the
length of the detection region was influenced by the relative
position of laser focal point to the chip channel. When the laser
beamwas focused inside the channel, the two negative peaks were
entirely overlapping as the two photodiodes measured the light
beam from the same position (Fig. 3f). The detection region was
enlarged when the laser focusing point was located away from the
chip channel. The larger the region of the laser beam covered,
the longer the cell transit time could be measured, which increases
the accuracy of measurement. However, with the laser beam
focused away from the channel too far, the beam covers a larger
channel region, and the probability of two consecutive cells
passing through the channel interfering with the time measure-
ment also increases. Compromising between the accuracy and
interference between adjacent cells, we chose the position of laser
focusing point at 400 μm below the chip channel.

3.2. Position of the waste reservoir

In most of the previous microfluidic cytometers for study of cell
mechanical properties, the measurements for cell deformation
were carried out under constant flow rate mode using syringe



Fig. 3. Typical signals obtained by the two photodiodes when one HL60 passing
through the narrow channel with different distances between the laser focal point
and the chip channel of (a) −500 μm, (b) −400 μm, (c) −300 μm, (d) −200 μm,
(e) −100 μm, (f) 0 μm, (g) þ100 μm, (h) þ200 μm and (i) þ300 μm.

Fig. 4. Histogram of the transit time of HL60 cells at different liquid-level
differences of 10 cm, 15 cm and 20 cm, obtained from ∼50 cells for each condition.

Fig. 5. Histograms of the transit times of HL60 cells (blue bars) and CytoD treated
HL60 cells (red bars). Each histogram includes data from ∼100 cells. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Q.-Q. Ji et al. / Talanta 111 (2013) 178–182 181
pumps [25,26,39]. In the present system, the measurement of cell
deformation was performed by measuring the transit time for
a cell passing through the narrow channel. In such a system, the
constant flow rate mode would produce difference change of
pressure applied to each cell when passing through the narrow
channel since the presence of the cell changes the effective
resistance of the system, which may affect the consistency of
measured transit time [40]. Therefore, a constant pressure mode
was employed in the present system. We used a Tygon tubing to
connect the chip channel with the horizontal waste reservoir, and
generate a liquid-level difference between them to provide
a constant driving pressure for cell suspension. A similar method
was used in a high-throughput microchip-based flow-injection
analysis system [34].

We tested the effect of the liquid-level difference between the
chip channel and waste reservoir using HL60 cells as a model sample.
The histograms of normal distributions of the cell transit time with
the change of liquid-level difference were determined, and the
results are as shown in Fig. 4. The peak value of the transit time at
liquid-level difference of 10 cm, 15 cm and 20 cm was 72.4 ms,
35.5 ms, and 26.6 ms, respectively. A spread in transit times is
observed for each liquid-level difference, and can be attributed to
the spread in cell size. For a larger liquid-level difference, the
distribution of the transit time showed more spread; thus the
difference of cell transit times could be better identified. However,
we observed that the probability of cell blocking the narrow channel
also increased with the decrease of the liquid-level difference.
Therefore, a liquid-level difference of 15 cm between the chip
channel and waste reservoir was employed in the present system,
corresponding to an estimated pressure for cell sample introduction
of 1470 Pa. The flow rate inside the channel, measured using the
video recorded by the CCD camera when cells passed through the
microchannel, was 2 mm s−1.

3.3. Performance of the cytometer

CytoD is known to be an agent that degrades the actin network
in the cytoskeleton, so that the cell’s elastic modulus reduces while
maintaining the cell shape [41]. To evaluate the performance of the
cytometer in distinguishing cell mechanical properties, the transit
times of HL60 cells treated with and without CytoD were deter-
mined. A typical throughput of 33 cells min−1 in the cytometer
was obtained (Fig. 2). As shown in Fig. 5, an obvious left shift of cell
transit time distribution is observed when HL60 cells are treated
by 2 μm CytoD. The cell sample for each group consists of more
than 100 cells. In the transit times distribution of the treated cells,
shifted toward shorter transit time, more than 20% of the cells
have a transit time of less than 35 ms. The maximum peak of
transit time distribution appears around 55 ms. The transit times
of normal HL60 cells show a Gaussian distribution and the



Fig. 6. Histograms of the transmission intensity distribution of HL60 cells (blue
bars) and RBC (red bars). Each histogram contains data from ∼600 cells.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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maximum peak is around 65 ms. This indicates that the present
system can probe the variation of the elastic modulus of cells by
measuring the transit time variation.

To distinguish between cells with clearly different sizes, the
height of negative peaks caused by the cells passing through the
microchannel was measured. Fig. 6 shows results for HL60 cells
and RBC—these two types of cells have different mechanical
properties, but their main distinguishing feature is their difference
in cells sizes, i.e. 10 μm for HL60 cells and 5 μm for RBC.
The transmission intensity significantly changes when cells with
different size pass through a narrow channel with a width of
12 μm and a length of 250 μm. As shown in Fig. 6, there is
significant difference between the transmission intensity distribu-
tion of RBC and HL60 cells. The transmission intensities of more
than 90% of RBC are around 300 mV. However, under the same
experimental condition, the transmission intensity distribution of
HL60 cells is mainly around 800 mV.
4. Conclusion

We developed a microfluidic cytometer with a micro-channel to
study cellular mechanical properties and distinguish between cells
with different sizes, based on a simple and low cost optical setup
consisting of a low-cost laser and two basic photodiodes for detec-
tion. On the basis of the optical structure, a portable cytometer can be
developed, which may eventually find application in miniaturized
instruments for home-use.

Although the throughput of the system is lower than those of
commercial cytometers, it could be applied in screening of some
diseases that are known to affect cell mechanical properties or cell
size. The throughput of the present system is expected to be
improved by using a more sensitive data acquisition card and
photodiodes, or using multi-channel microchips.
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